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It is generally believed that superconductivity and magnetism are two antagonistic long-range 
phenomena. However, as it was preliminarily highlighted in D. Stamopoulos et al. [Phys. Rev. B 75, 
014501 (2007)] and extensively studied in this work under specific circumstances these phenomena 
instead of being detrimental to each other may even become cooperative so that their synergy may 
promote the superconducting properties of a hybrid structure. 

Here, we have studied systematically the magnetic and transport behavior of such exchange biased 
hybrids that are comprised of ferromagnetic (FM) NisoFe2o and low-T c superconducting (SC) Nb 
for the case where the magnetic field is applied parallel to the specimens. Two structures have 
been studied: FM-SC-FM trilayers (TLs) and FM-SC bilayers (BLs). Detailed magnetization data 
on the longitudinal and transverse magnetic components are presented for both the normal and 
superconducting states. These data are compared to systematic transport measurements including 
I-V characteristics. The comparison of the exchange biased BLs and TLs that are studied here 
with the plain ones studied in D. Stamopoulos et al. [Phys. Rev. B 75, 184504 (2007)] enable us 
to reveal an underlying parameter that may falsify the interpretation of the transport properties 
of relevant FM-SC-FM TLs and FM-SC BLs investigated in the recent literature: the underlying 
mechanism motivating the extreme magnetoresistance peaks in the TLs relates to the suppression 
of superconductivity mainly due to the magnetic coupling of the two FM layers as the out-of-plane 
rotation of their magnetizations takes place across the coercive field where stray fields emerge in 
their whole surface owing to the multidomain magnetic state that they acquire. The relative in- 
plane magnetization configuration of the outer FM layers exerts a secondary contribution on the 
SC interlayer. Since the exchange bias directly controls the in-plane magnetic order it also controls 
the out-of-plane rotation of the FMs' magnetizations so that the magnetoresistance peaks may be 
tuned at will. 

All the contradictory experimental data reported in the recent literature are fairly discussed 
under the light of our results; based on a specific prerequisite we propose a phenomenological stray- 
fields mechanism that explains efficiently the evolution of magnetoresistance effect in TLs. Our 
experiments not only point out the need for a new theoretical treatment of FM-SC hybrids but also 
direct us toward the design of efficient supercurrent-switch elemental devices. 



PACS numbers: 74.45.+C, 74.78.Fk, 74.78. Db 
I. INTRODUCTION 

In recent years a new class of devices efficient for the 
control of current flow has emerged. Since unlikely to 
conventional electronics in this new class it is the elec- 
tron's spin (than its charge degree of freedom) that is 
manipulated these devices are called spin valves. Vari- 
ous types of spin valves have been proposed. In all cases 
the basic core consists of a trilayer (TL) which hosts two 
ferromagnetic (FM) outer electrodes with an interlayer 
which can be either metallicO^i 3 . insulating 4 ^! 6 ^ 7 . or su- 
perconducting (80)4^.1102,1304^^6^7,18^9 

The so-called superconducting spin valve was intro- 
duced theoretically in Refs fllm7l . It is based on a 
FM-SC-FM TL where the nucleation of superconductiv- 
ity can be manipulated by the relative in-plane mag- 
netization orientation of the outer FM layers. Gu et 
al£ were the first to report on the experimental re- 
alization of a [Nis2Fei8-Cuo.47Nio.53l/Nb/puo.47Nio.53- 
Ni S2 Feis] spin valve. Soon after, Potenza et al.^ and 
Moraru et aL 10 ' 11 confirmed the results that were re- 



ported in Ref|l|. In these works &Viii the exchange 
bias was employed in order to "pin" the magnetiza- 
tion of the one FM layer so that the relative mag- 
netic configuration of the outer FM layers to be con- 
trolled. In agreement to the theoretical proposition o 16 i 17 
it was observed ^ 10 ' 11 that when the relative in-plane 
magnetization configuration of the two FM layers was 
parallel [antiparallel] the resistive transition of the SC 
was placed at lower [higher] temperatures. Pena et 
al.O 2 . and Rusanov et alO 3 - have studied Lao.7Cao.3Mn03- 
YBa 2 Cu307-Lao.7Cao.3Mn03 and Ni 8 oFe 2 o-Nb-Ni 8 oFe 2 o 
TLs, respectively. Both work o 12 i 13 reported that the an- 
tiparallel in-plane magnetization configuration of the FM 
layers suppresses superconductivity when compared to 
the parallel one. Very recently, Visani et alOi studied 
Lao.7Cao.3Mn03-YBa 2 Cu307-Lao.7Cao.3Mn03 TLs and 
confirmed the results that were originally reported in Ref. 
H2I . While the works mentioned above ^ 10 ' 1 ^ 12 ' 13 ^ 4 re- 
ferred to the case where the magnetic field was applied 
parallel to the TLs (parallel-field configuration), Singh 
et ali 1 ^ reported on the case where it was applied nor- 
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also Refs.28.2 



Also, 



was shown that superconductivity was en- 



mal to the specimens (normal-field configuration) for 
Co-Pt/Nb/Co-Pt TLs having perpe ndicular magnetic 
anisotropy and confirmed Refs| l2l)l3lfl3 . It should be 

stressed that in Ref s mnniiiii" the exchange bias was 

not used for the control of the relative in-plane magnetic 
orientation of the two FM layers. Given that the results 
of Refsl^l^ flolfTll . where the exchange bias was employed, 
are the opposite to the ones of Refs ll2lll3lll4lll5l . where 
this mechanism was not employed, it is natural to sup- 
pose that, except for the relative in-plane magnetization 
configuration of the outer FM layers, it is the presence of 
exchange bias that probably has influenced the properties 
of the SC interlayer alteri ng dr astically the experimental 
results obtained in RefsSjatMlll 

Indeed, detailed magnetization data that were pre- 
sented in Refs l20ll2lll22l for the parallel-field config- 
uration in hybrids constructed of multilayer (ML) 
[La .33Cao.67Mn03/Lao.6oCao.4oMn0 3 ]i 5 and SC Nb re- 
vealed that the exchange bias mechanism clearly influ- 
ences the SC's magnetic behavior. More specifically, the 
magnetization results presented in Refs.20L2l] revealed 
an effective ferromagnetic coupling between the ML and 
the adjacent SC that in microscopic level was compat- 
ible with recent theoretical proposals on the formation 
of spin-triplet superconductivity that were presented in 
Refs |Tll23|l2Jllll2ill3 (see 
RefsElF 

hanced significantly when the ML was in a state of 
almost zero bulk magnetization where a multidomain 
configuration was acquired. The magnetization results 
of Refs l2l"l[22l supported the recent theoretical propos- 
als on the so-called "domain- wall superconductivity" of 
Refs l30ll3lU32l l33 34.35. 36.37 suggesting that when the su- 
perconducting pairs have the opportunity to sample dif- 
ferent directions of the exchange field the imposed pair- 
breaking effect is only minimum. On the other hand, 
when these results are discussed in a macroscopic level 
apart from the exchange interaction also the electromag- 
netic mechanis m 36 i 37 related to the magnetic stray fields 
that enter the SC alongside the interface with the ML 
could motivate e qually well the experimental effects ob- 
served in Refs. 20.21,22. Indeed, very recently Monton et 
ali2£ studied Nb/Co MLs in the parallel-field configura- 
tion and reported a behavior similar to the one observed 
in Refslll2ll22|. These authors^ interpreted their re- 
sults based exclusively on the influence of the FMs' stray 
fields on the SC layers. However, that work 3 ^ not only 
confirmed some of the observations that were originally 
reported in Refs l2(ill2lll22l but expanded our knowledge to 
the complete mutual effect; the authors 3 - revealed that 
the screening coming from the SC layers influences dras- 
tically the magnetic domain state of the adjacent FM 
ones. 

Referring to the normal-field configuration 
Moshchalkov and colleagues revealed the impor- 
tance of stray fields for the case of Co-Pd/Nb/Co-Pd 
TLs, BaFei 2 0i 9 -Nb BLs and PbFe^Oig-Nb BLs that 
were studied in RefsH^, and HJ respectively. In 



these work a 39 i 40 i 41 where an insulating interlayer was 
deposited between the SC and FM layers in order the 
electronic coupling to be removed, the spatial evolution 
of superconductivity nucleation above domain walls and 
inside magnetic domains was studied extensively. Also, 
for simple BLs we note that a magnetoresistance effect 
was observed by Ryazanov et al. in Refl42l for the case 
of Nb-Cuo.43Nio.57 hybrids. These authors attributed 
the magnetoresistance effect to the dissipation produced 
by the flow of vortices since the SC's lower critical 
field is exceeded by the FM's stray fields that emerge 
due to its multidomain magnetic structure attained 
at coercivity. Very recently, in Ref|43| Aarts and 
colleagues have concluded to the same interpretation 
for the pronounced magnetoresistance effect that they 
observed in all-amorphous GdNi-MoGe-GdNi TLs for 
the parallel-field configuration. 

Steiner and Ziemann in RefH have dealt with the 
parallel-field configuration in a variety of hybrid TLs and 
BLs consisting of Co, Fe and Nb by performing transport 
and longitudinal magnetization measurements. These au- 
thors also employed micromagnetic simulations to con- 
vincingly show that in their samples the stray fields that 
emerge at coercivity are related to the observed mag- 
netoresistance peaks. However, the mag netization mea- 
surements that were presented in Refj4J referred only to 
the longitudinal magnetic component and were limited in 
the normal state of the SC constituent. 

Experimental data on both the longitudinal and trans- 
verse magnetic components that were obtained not only 
in the normal but also in the superconducting state were 
presented in our recent work, ReflU were we investi- 
gated these topics in relevant FM-SC-FM TLs and FM- 
SC BLs that were constructed of low spin polarized 
NigoFe2o and low-T c Nb. While the detailed results that 
were presented in Refl45l refer to plai n TLs and BLs, 
the ones that were reported in RefHa relate to the re- 
spective specimens that incorporate the mechanism of 
exchange bias. The preliminary data that we reported 
in Ref Ho for exchange biased Ni 8 oFe2o-Nb-Ni 80 Fe2o TLs 
were i n agree ment [contrast] to the ones presented in 
Refslllljlii [Refsiillllll and showed evidence that 
the parallel [antiparallel] in-plane magnetization config- 
uration of the outer FM layers promotes [suppresses] 
the transport properties of the SC interlayer. On the 
other hand, the detailed results that were presented in 
RefHa for plain Ni 8 oFe 2 o-Nb-Ni 8 oFe2o TLs revealed a 
pronounced dissipation peak that, although it was sig- 
nificantly stronger than the one reported by Rusanov 
et al. in RefQJ for Ni 8 oFe 2 o-Nb-Ni 8 oFe 2 o TLs of robust 
uniaxial magnetic anisotropy, it was quantitatively iden- 
tical to the one reported by Pena et al., in Reffl2l and 
Visani et al., in RefH for the case of Lao.7Cao.3Mn03- 
YBa 2 Cu 3 07-Lao.7Cao.3Mn03 TLs. However, in Refill 
we have attributed the pronounced dissipation peaks to 
a different underlying mechanism than the one reported 
in Refs[T3IIMl3- By performing measurements on the 
TLs' transverse magnetic component in both the nor- 
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mal and superconducting states, we clearly showed that 
below its Tf the Nb interlayer under the influence of 
the outer NiFe layers attains a magnetization compo- 
nent transverse to the external magnetic field. When 
these transverse magnetization data were compared to 
the transport ones it was revealed that the pronounced 
magnetoresistance peaks that are observed in the low- 
field regime are due to the suppression of superconduc- 
tivity by transverse stray fields that they interconnect 
the outer Ni 8 oFe 2 o layers. Long time ago relevant fea- 
tures were also observed in FM-IN-FM and FM-NM-FM 
TLs (where IN and NM stand for insulator and non mag- 
netic metal, respectively). For instance, S. Parkin and 
colleagues 4 *^ 7 - have clearly shown that in such TLs of 
IN/NM interlayer the magnetostatic interaction of the 
outer FM layers through stray fields, that may be farther 
promoted by surface roughness , 47 ' 48 ! 49 could lead to their 
significant overall magnetostatic coupling. This stray- 
fields coupling plays a unique role in FM-IN-FM and 
FM-NM-FM TLs since it alters drastically the distinct 
magnetic character of the outer FM layers; ultimately 
this mechanism makes a "magnetically hard" FM layer 
to rather behave as " magnetically soft" . Except for the 
influence of surface roughness ; 47 ' 48 ' 49 the out-of-plane ro- 
tation of the magnetization and the subsequent magneto- 
static coupling of the outer FM layers could be promoted 
or suppressed by other parameters such as (a) the in- 
trinsic magnetic anisotropy of the specific FM materials, 
and (b) the extrinsic, shape-induced magnetic anisotropy 
that is related to the thickness of the employed FM layers. 
Returning to the case of our FM-SC-FM TLs we stress 
that since the only difference between the FM-SC hybrids 
studied in RefsHH and was the presence of exchange 
bias it was natural to examine whether the mechanism 
that was employed in Ref[45| for the interpretation of the 
experimental results obtained in plain TLs and BLs also 
holds for the exchange biased ones that were only pre- 
liminary highlighted in Refl46l. 

This is the main topic of our current work: present- 
ing detailed magnetization and transport results that un- 
cover the underlying mechanism that motivates the rel- 
ative promotion of superconductivity in exchange biased 
FM-SC hybrids as it was recently reported in Ref.46. 
We stress that in this work we study the parallel-field 
co nfigura tion as was done in all other Refs,8.9l llOMlll 
miMIJUESIlQ! so that a straightforward compar- 
ison may be rightfully performed. However, our pro- 
posals could be applicable to results that were obtained 
for the normal-field configuration that was studied in 
Refs li^[39ll40||4l||4i The presented magnetization data 
refer not only to the longitudinal magnetic component 
(parallel to the externally applied magnetic field) but also 
to the transverse one (normal to the externally applied 
magnetic field). Furthermore, we present data that are 
obtained not only in the normal regime of the SC but also 
in its superconducting state. Such data have not been pre- 
sented in the literature and are shown here for the first 
time. In agreement to the results obtained in Refl45l for 



plain samples, here we clearly show that even in exchange 
biased ones the transverse magnetization data reveal cru- 
cial information for the interpretation of the effects that 
are observed in the magnetoresistance: 

The extreme magnetoresistance peaks observed in the 
TLs are primarily [secondarily] motivated by the mag- 
netic coupling of the outer FM layers as their magne- 
tizations rotate out-of-plane [in-plane] at the coercive 
field. The formed transverse magnetization field that 
penetrates the SC interlayer ultimately suppresses its su- 
perconducting properties since it primarily [secondarily] 
exceeds its lower [upper] critical field. Referring to the 
BLs although out-of-plane rotation of the magnetization 
of the single FM layer is still observed, due to the ab- 
sence of a second FM layer in these structures magnetic 
coupling doesn't occur so that the observed magnetore- 
sistance peaks are only modest. Consequently, in FM- 
SC-FM TLs the relative in-plane magnetization configu- 
ration is not the onlyparameter that should be examined, 
as was done in RefsilllllllllllllE Primarily the 
out-of-plane magnetization configuration should be con- 
sidered as the underlying mechanism of the pronounced 
magnetoresistance peaks. This new experimental out- 
come assists us toward understanding the contradictory 
transport data that have been obtained recently in rele- 
vant FM-SC-FM TLsj 8 ' 9 ' 10 ' 11 ' 12 ' 13 ' 14 ' 46 

Most importantly, here we show that since the ex- 
change bias mechanism directly controls the in-plane 
magnetic order it also controls the out-of-plane rotation 
of the FMs' magnetization so that the magnetoresistance 
peaks may be tailored at will. Uncontested evidence is 
presented through I-V characteristics for the virgin and 
exchange biased states of the hybrids that exchange bias 
relatively promotes the transport ability of the complete 
hybrid. Also, the so-called training effect that accom- 
panies the exchange bias in the normal state is clearly 
preserved even in the superconducting state and controls 
the transport behavior of the SC. 

Finally, a fair comparison of all the relevant exper- 
imental works that have treated both exchange biased 
and plain FM-SC-FM TLs and FM-SC BLs is carried 
out. Based on a prerequisite that should hold for the 
coercive fields of the outer FM layers we propose a plau- 
sible stray-fields mechanism that explains efficiently all 
the available experiments that were brought in our at- 
tention in the recent literature. 

The present article is structured as following. Sec- 
tion II presents the sample preparation techniques and 
experimental details. Section III is devoted to the TL 
structures: subsection III. A presents detailed magnetic 
characterization in order to clearly reveal all the spe- 
cific characteristics of the exchange bias mechanism in 
our samples, subsections III.B and III.C present compar- 
atively transport and magnetization data for both the 
longitudinal and transverse components, and in subsec- 
tion III.D we discuss the results obtained in our TLs and 
propose a stray-fields coupling mechanism that consid- 
ering it is based on a specific requisite is also consistent 
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with other current experiments. Finally, in subsection 
III.E we show I-V characteristics for the TLs. Section 
IV refers to BLs and is divided in subsection IV. A which 
presents comparative transport and magnetization data, 
and in subsection IV. B which is exclusively devoted to 
the training effect that is observed in both the transport 
and magnetization data. Finally, section V summarizes 
our observations and presents the possible impact that 
these may have on current and future experimental and 
theoretical works. 



II. PREPARATION OF SAMPLES AND 
EXPERIMENTAL DETAILS 

The samples were sputtered on Si [001] substrates un- 
der an Ar environment (99.999% pure). In order to elim- 
inate the residual oxygen that possibly existed in the 
chamber we performed Nb pre-sputtering for very long 
times. 51 During the pre-sputtering process all the resid- 
ual oxygen was absorbed by the dummy Nb. This proce- 
dure has a direct impact on the quality of the produced 
films. 5 -± The Nb layers were deposited by dc-sputtering 
at 46 W and an Ar pressure of 3 mTorr. More details 
may be found in RefUll For the Ni 80 Fe 2 o (NiFe) lay- 
ers rf-sputtering was employed at 30 W and 4 mTorr. 
We should stress that: (i) all depositions were carried 
out at room temperature and (ii) no magnetic field was 
applied during the deposition of the NiFe layers. How- 
ever, the samples can't be shielded from the residual mag- 
netic fields existing in the chamber of our magnetically- 
assisted-sputtering unit. Measurements by means of a 
Hall sensor revealed that at the place where the sub- 
strates are mounted the residual fields exhibit parallel 
components of magnitude 10 — 15 Oe at maximum. Thus, 
our NiFe films exhibit in-plane anisotropy. However, 
they don't exhibit detectable uniaxial anisotropy since 
the magnetic field sources are placed symmetrically on 
the perimeter of the circular rf-gun (for more details see 
the magnetization results presented in Refl4oT) . In or- 
der to inflict the mechanism of exchange bia a 52 > 53 ' 54 the 
NiFe bottom layers were annealed systematically under 
2 (99.999% pure), Ar (99.999% pure) or reductive Ar- 
H 2 (94% — 6% mixture) atmosphere for durations in the 
range 2 — 24 hours at low temperatures 100 — 200 C. After- 
wards, the complete BL or TL structures were deposited 
on top. As a result, in the exchange biased structures 
the NiFe bottom layer possesses exchange bias, while the 
top one (for the TLs) is always plain. In the rest of this 
work we will call: exchange biased TLs as BFM-SC-PFM, 
exchange biased BLs as BFM-SC, plain TLs as PFM-SC- 
PFM, and finally plain BLs as PFM-SC ("B" stands for 
"biased" and "P" for "plain"). The thicknesses are in 
the range 20 — 40 nm for the NiFe outer layers, while for 
Nb the thickness varies between 40 — 60 nm. 

Our magnetoresistance measurements were performed 
by applying a de-transport current (always normal to the 
magnetic field) and measuring the voltage in the standard 



o 







: 40Oe^fl f | j 
: H=60 Oe I $ 


T e : 


'■ ^^>r^ ^ -c^TL:BFM-SC-PFM: 


1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I ■ 


(b) 






TL:BFM-SC-PFM 







20 40 60 80 100 120 



T(K) 



TL:BFM-SC-PFM 






,,„80? 


(c) 




™O10C 



-140 -120 -100 -80 -60 -40 -20 20 
H(Oe) 



FIG. 1: (Colour online) Zero-field cooled and field cooled 
isofield m(T) curves of the longitudinal component obtained 
in the temperature range 8 K<T< 120 K for a TL:BFM-SC- 
PFM (open circles) and a SL:BFM (solid circles) at relatively 
low (a) and high (b) values of the external magnetic field, (c) 
Isothermal loop measurements at various temperatures from 
above Tb = 90 K down to 8 K. For the sake of clarity only 
the decreasing branches are shown. 

four-point configuration. In most of the measurements 
the applied current was idc = 0.5 mA, which corresponds 
to an effective density Jd c ~ 900 A/cm 2 (typical in plane 
dimensions of the films are 6x5 mm 2 ). The temper- 
ature control and the application of the magnetic fields 
were achieved in a superconducting quantum interference 
device (SQUID) (Quantum Design). In all cases the ap- 
plied field was parallel to the films. 

III. EXCHANGE BIASED TLS 

A. Magnetic characterization of the samples 

The data presented in Figs. [3a)-fljc) refer to the lon- 
gitudinal magnetic component (parallel to the external 
magnetic field which in turn is applied parallel to the 
specimen's surface as it is schematically presented in the 
inset of Fig. \7\ below). Such data are needed for a thor- 
ough magnetic characterization of the produced TLs. In 
panels (a) and (b) we show both the zero-field cooled 
and field cooled isofield m; onff (T) curves obtained in the 
temperature range 8 K<T< 120 K for a TL at relatively 
low and high values of the external magnetic field, re- 
spectively. In addition, we show one representative curve 
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FIG. 2: (Colour online) Magnetization loops of the longitudi- 
nal component obtained at T= 8 K for a TL:BFM-SC-PFM 
(open circles) and a SL:BFM (solid circles) when the samples 
were virgin (a) and when exchange biased (b). 



for a NiFe BFM single layer (SL) (solid circles) in order 
to stress that the behavior exhibited by the TL is exclu- 
sively related to its bottom BFM NiFe layer. We clearly 
see that a blocking temperatur o 53 i 54 may be identified 
with T B = 90 K for this particular TL. In all the TLs 
that have been studied the blocking temperature ranges 
between 90 K<T^ < 100 K. As we see, above Tg even 
the lowest applied magnetic field saturates both the bot- 
tom and the top NiFe layers, while below the BFM 
bottom layer exhibits a more hard character and needs a 
few decades Oe to be saturated. As we progressively ap- 
ply higher magnetic fields the zero-field cooled and field 
cooled curves merge; eventually at 1 kOe only a minor 
irreversibility exists which is difficult to be discerned (see 
the emu range in panel (b)). The fact that the magnetic 
behavior of the TL changes drastically below T# may 
also be revealed by isothermal loop measurements as the 
ones presented in panel (c). For the sake of clarity the 
presented data refer only to the decreasing branch of the 
complete m(H) loops. We clearly see that below T# = 90 
K in addition to the reversal of the soft NiFe top layer, 
which occurs around zero field, a second loop is super- 
imposed with a coercivity that gradually increases as we 
lower the temperature. This particular second loop is 
related to the BFM NiFe bottom layer. 

We stress that although all data presented in Figs. 
[lja)-[ljc) show clear indications for the existence of the 
exchange bias mechanism they refer to the case when 
the specimens were virgin. However, the fingerprint of 
unidirectional magnetic anisotropy is a shift observed in 



the magnetization loop when the sample is exchange bi- 
ased i.e. when it is cooled from above the Neel or block- 
ing temperature under the presence of a sufficiently high 
magnetic field i 53 1 54 Such data are presented in Figs. 
and[UJb) for a complete TL (open circles) and a SL (solid 
circles) at T= 8 K>Tf c when the samples were virgin 
and BS, respectively. We see that in both cases the mag- 
netization loop of the TL is the superposition of the loop 
of the BFM bottom SL (shown) and of the PFM top one 
(not shown). When the samples were biased by cool- 
ing them from above T^ = 90 K under the presence of 
H. ex = 1000 Oe the obtained loops are shifted toward 
negative fields by 50 Oe. We have to note that the shape 
of the loop of the BFM SL points rather to a system com- 
prised of hard and soft NiFe phases than an one that con- 
stitutes of FM and AFM areas. However, as has been re- 
vealed in recent years the underlying physics of exchange 
coupled hard/soft and FM/AFM systems are essentially 
the samej 56 i 57 ' 58 i 59 ' 60 For instance, Dieny and colleagues 
have shown very recently 5 ^ that in a soft NiFe layer which 
is exchange coupled with a hard and strongly anisotropic 
Co/Pt multilayer all the characteristics of exchange bias 
are met, including shifted magnetization loops, training 
effects, decreasing bias field with increasing temperature 
etc. Also, Chien et al^S have revealed that in the archety- 
pal NiFe/FeMn FM/AFM exchange bias system the spins 
structure in the main body of the AFM layer is not static 
but due to the coupling with the FM one the spins of the 
FeMn layer form an exchange spring that may wind and 
unwind as happens in typical soft/hard BLs. Finally, 
lately Ali et al. in Ref[6l| revealed that the effect of ex- 
change bias has even wider generality since they reported 
on the observation of this effect in FM/spin glass BLs. 



Although we have revealed the fingerprint of exchange 
bias in our samples, in Figs. [3fa) andOJb) we present ad- 
ditional magnetization data necessary for a reliable mag- 
netic characterization. Panel (a) shows two successive 
loops obtained at T= 8 K>Tf c , while panel (b) presents 
minor successive loops at the same temperature. The 
data presented in panel (a) reveal the so-called training 
effect (see section 6.6 in Ref 53). The drastic reduction 
of the loop's width observed in our data indicates that 
consecutive loops lead to a softening of the underlying 
physical origin of exchange bias. This result resembles 
strongly the one obtained by Gruyters and Riegel 55 in a 
CoO/Co BL that is considered as a very typical exchange 
bias system^ 3 - This strong similarity reveals that indeed 
the hard/soft and FM/AFM systems have similar under- 
lying physical principles; 59 all the effects observed in both 
systems are motivated by the exchange coupling occur- 
ring at the interfaces of the two different constituents. 
This is further demonstrated by the data presented in 
panel (b). While the first part of the loop where the soft 
NiFe phase reverses its magnetization is reversible, the 
second part clearly exhibits its irreversible nature asso- 
ciated to the reversal of the hard phase magnetization. 
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FIG. 3: (Colour online) (a) Complete and (b) minor succes- 
sive magnetization loops of the longitudinal component ob- 
tained at T= 8 K>T? C for a TL:BFM-SC-PFM. 



B. Comparison between transport and 
magnetization data 
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FIG. 4: (Colour online) (a) Zero-field resistive transition of a 
TL:BFM-SC-PFM with Tf c = 7.81 K. (b) Isothermal V(H) 
curve obtained at T= 8 K>Tf c = 7.81 K. (c) Isothermal 
V(H) curves obtained at temperatures allocated across the 
zero-field isofield resistive V(T) curve presented in panel (a). 
All the data were obtained when the TL was BS. 



Figures IUa)-|4jc) present detailed transport data for a 
TL:BFM-SC-PFM that were obtained very close to the 
zero-field critical temperature Tf c = 7.81 K of its SC 
interlayer. Panel (a) shows the zero-field resistive transi- 
tion of the TL. The isothermal magnetoresistance V(H) 
curves presented in panels (b) and (c) were obtained at 
temperatures allocated across this specific zero-field resis- 
tive V(T) curve. Panel (b) presents the obtained curve at 
T= 8 K>Tf c = 7.81 K. We see that there is one distinct 
peak that is positioned at zero field and another minor 
peak which occurs around —120 Oe. According to the 
definition (R m ax — Rmin) I Rnor x 100% that is commonly 
used to categorize magnetoresistance effect o 12 ' 13 i 14 ' 45 the 
effect observed in the normal state of our TL is very 
weak: 0.7%. In contrast, when the Nb interlayer be- 
comes SC the effect is strongly enhanced as it is shown 
in panel (c) . While as the applied field is lowered the re- 
sistance of the TL is also reduced, for magnetic fields in 
the range —200 Oe<H< 200 Oe the measured resistance 
presents pronounced peaks. These magnetoresistance 
peaks become maximum at the middle of the zero-field 
resistive transition (see panel (a)) and gradually diminish 
as both the normal and the fully superconducting states 
are recovered. This result was reported very recently 
in Refil for the same BFM-SC-PFM TLs and remi- 
nisces the one reported in Ref|45| for more simple PFM- 
SC-PFM TLs and the one reported in Refs|I3 and [H 



for Lao.7Cao.3Mn03-YBa2Cu307-Lao.7Cao.3Mn03 ones. 
The observed effect is strong. The percentage resistance 
change (R(0) - R{H))/R{H) x 100% meets the quan- 
titative criteria for considered as a giant magnetoresis- 
tance (GMR) effect^ ' 12 ' 14 since according to the mod- 
est definition (R m ax — Rmin) /Rnor x 100% (that takes 
into account the reference resistance value obtained in 
the normal state) it amounts to 50%. We note that this 
definition should be considered as the most appropriate 
for the description of the underlying physics since the al- 
ternative one (R m ax — Rmin) /Rmin x 100% (that takes 
into account the minimum value obtained in the super- 
conducting state) suffers from possible singularities orig- 
inating from the zeroing of the measured resistance that 
naturally occurs in every SC. 

We note that the V(H) curves presented in FigsOJb) 
andQJc) refer to the case when the TL was BS only once, 
prior to the first measurement. As we show below owing 
to the training effect™ this measuring procedure leads to 
significant differences when compared to the one when 
the specimen gets always BS prior to each new measure- 
ment. In addition, these curves differ strongly from the 
ones obtained for virgin TL. This fact is clearly shown 
by the comparative data that are presented in Figs[5ja)- 
[5Jc) around the zero-field resistive transition of a second 
BFM-SC-PFM TL that exhibits a slightly higher criti- 
cal temperature, Tf c — 7.89 K. For the sake of clarity 
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FIG. 5: (Colour online) (a) Detailed magnetization loops of 
the longitudinal component for virgin (solid circles) and BS 
(open circles) TL obtained at T= 8 K>Tf c = 7.89 K. Repre- 
sentative magnetoresistance V(H) curves obtained just below 
the critical temperature Tf c — 7.89 K when the TL was vir- 
gin (solid circles) and BS (open circles) in the low-field (b) and 
in an extended field (c) regime. The insets show schematically 
the relative in-plane magnetization configuration of the outer 
FM layers at points A and B of the BS loop. 
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FIG. 6: (Colour online) (a) Magnetization loops of the longi- 
tudinal component obtained at T= 8 K>Tf c when the hybrid 
was positively BS (PBS) and when negatively BS (NBS). (b) 
and (c) show the respective magnetoresistance V(H) curves 
obtained at T= 7.79 K~Tf c in a focused and in an extended 
field regime, respectively. In all cases the open circles refer to 
PBS, while solid circles to NBS condition. 



panel (a) reproduces the detailed magnetization loops for 
virgin (solid circles) and BS (open circles) TL, while its 
insets show schematically the relative in-plane magne- 
tization configuration of the outer FM layers at points 
A and B of the BS loop where H ex = 50 Oe and —50 
Oe, respectively. Panels (b) and (c) show representative 
magnetoresistance isothermal data that were obtained at 
T= 7.865 K and T= 7.87 K in the low-field and in an 
extended field regime, respectively. Both virgin (solid 
circles) and BS (open circles) curves are shown for each 
temperature. Firstly, the virgin curve mainly presents 
a peak around zero field that is significantly broader 
than the one observed in PFM-SC-PFM TLs as it was 
reported in Refs.45. An additional second minor peak is 
also present at exactly zero field. As we see from the vir- 
gin magnetization curve m; on9 (H) presented in panel (a) 
the two outer NiFe layers reverse their magnetizations in 
the respective field interval. This result was originally 
presented in Refs.45. 46 and is identical in magnitude to 
the one presented by Peha et ali^ and Visani et alJ^ 
for Lao.7Cao.3Mn03-YBa 2 Cu307-Lao.7Cao.3Mn03 TLs. 
More importantly, here we clearly demonstrate that this 
broad peak centered around zero field may be almost en- 
tirely suppressed by the application of exchange bias. Sec- 



ond, we see that while in the normal state the virgin 
and BS curves clearly coincide, as we enter in the super- 
conducting state these curves diverge, with the BS curve 
placed significantly below the virgin one except for a small 
field regime around the coercive field of the BS bottom 
NiFe layer (see panel (a)). In addition, the BS magne- 
toresistance curve exhibits another peak placed at zero 
field where the plain top NiFe layer reverses abruptly 
its magnetization. Thus, we see that in both cases, 
virgin and BS, the obtained magnetoresistance curves 
present two distinct peaks placed at the field intervals 
where the two NiFe layers reverse their magnetizations 
i.e. at the coercive fields. Consequently, according to 
our results the extreme dissipation peaks observed in FM- 
SC-FM TLs are mainly related to the reversal of the 
outer FM layers ' magnetizations rather than their rela- 
tive in-plane magnetic configuration as it was supposed in 
RefslmUMMlMlMII- Finally, the maximum value ob- 
tained in the BS magnetoresistance curves is equal to the 
one obtained by the virgin ones. For instance in FigfSfb) 
we see that for T= 7.87 K the maximum value of the BS 
curve that is achieved at H ex = — 110 Oe equals the one 
obtained by the respective virgin curve at H ex w Oe. 

In order to further clarify our results and to leave 
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no doubt that the effects observed in the superconduct- 
ing state are motivated by the exchange bias we per- 
formed additional test experiments. In Figs[6]Ja)-[6]Jc) 
we present data when the TL was positively BS (PBS) 
and when negatively BS (NBS) under the application 
of U e x = +1000 Oe and R ex = -1000 Oe, respec- 
tively. Since the exchange bias imposes unidirectional 
magnetic anisotropy the obtained curves should be exact 
mirror images. This is what we have observed. Panel 
(a) shows the magnetization loop m; onff (H) curves of the 
longitudinal magnetic component, while panels (b) and 
(c) show the isothermal magnetoresistance V(H) curves 
that were obtained at T= 7.79 Kss Tf 7 in a narrow 
and in an extended field regime, respectively. We clearly 
see that both the magnetization m(H) and magnetoresis- 
tance V(H) curves that were obtained when the hybrid 
is NBS are the exact mirror images of the ones obtained 
when the TL was PBS. These results unexceptionably 
demonstrate that the unidirectional magnetic anisotropy 
introduced by the exchange bias dominates the behavior 
of the whole hybrid even in the superconducting regime 
below Tf c . 



C. Magnetization data on the transverse 
component 

For the case of PFM-SC-PFM TLs in Ref|H we have 
showed that at the same field intervals where the mag- 
netoresistance peaks are observed the magnetizations of 
the outer FM layers exhibit a significant out-of-plane ro- 
tation. As a consequence the SC interlayer below its 
T^ c attains a m(H) model loop only in its transverse 
magnetic component, while its longitudinal one is almost 
completely suppressed. This proved that for PFM-SC- 
PFM TLs the SC interlayer behaves diamagnetically not 
in respect to the externally applied magnetic field but 
in respect to the transverse magnetization field originat- 
ing from the magnetic coupling of the outer FM layers. 45 
Examining this possibility for the case of BFM-SC-PFM 
TLs could reveal important information regarding the 
influence of exchange bias. In FigfTJ we present the re- 
spective data regarding the transverse magnetic compo- 
nent of a BFM-SC-PFM TL when it was virgin (solid 
circles) and when BS (open circles). The respective in- 
set shows schematically the experimental configuration 
between the external field and the TL's magnetic com- 
ponents. Also, shown is the TL's magnetic configura- 
tion around zero field for the magnetization loop that 
is obtained when the TL is virgin. We recall that in 
this field interval the broad magnetoresistance peaks are 
observed for the virgin TL (see Figs[5lb)-[5lc)). Interest- 
ingly, the respective transverse magnetization data clearly 
show that in this field interval the out-of-plane magnetic 
configuration of the outer FM layers is antiparallel. By 
comparing to the respective longitudinal magnetic data 
shown in Fig[5]Ja) we clearly see that in both virgin and 
BS cases the reversal of the outer FM layers' magnetiza- 
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FIG. 7: (Colour online) Detailed magnetization data of the 
transverse component for virgin (solid circles) and BS (open 
circles) TL obtained at T= 10 K>Tf c . The inset shows 
schematically the experimental configuration between the ex- 
ternal field and the TL's magnetic components. Also, shown 
is the virgin TL's specific out-of-plane magnetic configuration 
obtained around zero field where the broad magnetoresistance 
peaks are observed (see FigsOb)-[SJc)). 



tion is accompanied by a significant out-of-plane rotation 
occurring across the coercive field. Most importantly, we 
see that the exchange bias restricts the out-of-plane ro- 
tation to a narrow field range around H ex — —100 Oe, in 
contrast to the virgin case where its out-of-plane rotation 
extends in the whole range of negative fields —200 Oe< 
H ex < Oe. The respective data of the top PFM layer's 
magnetization don't show significant differences. 

Based on the results shown in FigfT] we may assume 
that the dissipation peaks presented in Figs |SJb) c ) 
could be related to the out-of-plane rotation. How- 
ever, the measurements presented in FigJT] refer to the 
normal state of the SC interlayer since they were ob- 
tained at T= 10 K>Tf c . To further examine the effect 
we performed detailed measurements of the TL's trans- 
verse magnetic component in the superconducting regime. 
Complete data are presented in Figsf8ja)-[8jb) for tem- 
peratures close [upper panel] and well below [lower panel] 
Tf c . We clearly see that the TL's transverse magnetic 
component exhibits the model loop expected for a SC 
when bulk pinning dominates. Also, we see that in the 
low-field regime a suppression of the magnetization is ob- 
served owing to the out-of-plane rotation of the FM lay- 
ers' magnetizations. 

In contrast, the measured loop of the longitudinal mag- 
netic component in the superconducting state is almost 
identical to the one observed in the normal regime. The 
respective data for the longitudinal component obtained 
at temperatures close and well below T~ are shown in 
Figf9] We see that the magnetization loop of the com- 
plete TL qualitatively reminisces not the one of a SC but 
that of a FM. It is only well below T^ c where significant 
hysteresis shows up in the high field regime. However, 
close to zero field the typical FM behavior is recovered in 
all cases. The results presented in Figs[5]Ja)-[5][b) and [5] 
clearly demonstrate that the SC behaves diamagnetically 
not in respect to the externally applied magnetic field but 
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FIG. 8: (Colour online) Detailed magnetization loops of the 
BS TL's transverse component obtained (a) close to Tf c and 
(b) well inside the superconducting state. 

in respect to a new transverse magnetic field that obvi- 
ously emerges due to the magnetic coupling of the outer 
FM layers (see the discussion below). 

Figures rTOTa^-fTOTb) present comparatively low-field 
transverse magnetization and transport data for a BFM- 
SC-PFM TL when it is BS for both increasing (solid cir- 
cles) and decreasing (open circles) the external magnetic 
field. We clearly see that the morphology of the pre- 
sented curves is identical: the dissipation peaks occur at 
exactly the same field values where the transverse compo- 
nent gets maximum. This shows unambiguously that the 
dissipation peaks are related to the out- of -plane rotation 
of the outer FM layers ' magnetization. Consequently, as 
in the PFM-SC-PFM TLs studied in Ref[H even for the 
BFM-SC-PFM TLs studied in this work the pronounced 
dissipation peaks may be ascribed to the strict influence 
of the transverse magnetization field that emerge due to 
the magnetic interconnection of the outer FM layers. 

Ultimately, the magnetostatic coupling discussed here 
could motivate the magnetoresistance peaks that we ob- 
serve as following: the stray fields that interconnect the 
outer NiFe layers penetrate completely the Nb interlayer 
(see FigfLSl below). Depending on the specific charac- 
teristics of the employed FM layers (exchange field, size 
of magnetic domains, width and kind -Neel or Bloch- of 
domain walls, etc) and of the SC interlayer (lower and up- 
per critical field values, bulk pinning force, etc) the FMs' 
stray fields will primarily exceed the SC's lower critical 
field and secondarily, in case that they are intense, even 
the SC's upper critical field could locally be exceeded, 
at least extremely close to its Tf c where it attains low 
values. In case where only the SC's lower critical field 
is exceeded by the FMs' stray fields dissipation should 
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FIG. 9: (Colour online) Detailed magnetization loops of the 
BS TL's longitudinal component obtained close to Tf c and 
well inside the superconducting state. 



set in due to flow of vortices that are spontaneously cre- 
ated. As we lower the temperature the magnetoresistance 
peaks become progressively smaller and eventually dis- 
appear since either strong bulk pinning emerges so that 
vortices are no longer free to move, or the SC's increasing 
lower critical field exceeds the FMs' stray fields so that 
a dissipationless Meissner state is ultimately recovered. 
This explanation resembles the one that was presented by 
Ryazanov et al. in Ref|42l for Nb-Cuo.43Nio.57 BLs, and 
by Bell et al. in Rcf 43 for all-amorphous GdNi-MoGe- 
GdNi TLs. Thus, our results extend the ones of Refl43l 
to non-amorphous NiFe-Nb-NiFe TLs. In case where also 
the SC's upper critical field is exceeded the localized nor- 
mal areas that emerge should contribute extra dissipa- 
tion. Eventually, in this scenario the disappearance of 
the magnetoresistance peaks is owing to the fact that as 
we progressively lower the temperature the SC's upper 
critical field exceeds the stray fields that interconnect the 
outer FMs so that bulk superconductivity is completely 
restored throughout the whole SC interlayer. Of course, 
since the SC's lower critical field is always smaller than 
its upper critical one we expect that the mechanism de- 
scribed in the former [latter] case should have a major 
[minor] contribution to the observed magnetoresistance 
effect. 



D. FM-SC-FM TLs: comparison with current 
experiments 

As already discussed in the "Introduction" spe- 
cific discrepancies have been reported in the recent 
literatur o 8 ' 9 ' 10 ! 11 ' 12 ^ 3 ' 1 ^ 46 regarding the operation of rel- 
evant FM-SC-FM TLs. Such TLs have been consid- 
ered as superconducting "spin valves" both theoreti- 
cally (see Refs fl6lfl7t ) and experimentally (see RefsHJ^, 
[IMliimG]!). We stress that we use the quotation 
marks since according to the results of this work the 
physical mechanism motivating the pronounced mag- 
netoresistance peaks is not actually related to a spin- 
dependent pair-breaking effect as it was theoretically pro- 
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FIG. 10: (Colour online) Comparative presentation of the 
low field transverse magnetic component (a) and magnetore- 
sistance curve (bj for a BS TL obtained at T= 8 K>Tf c and 
at T= 7.79 wTo , respectively. Both increasing (solid circles) 
and decreasing (open circles) branches are shown. The inset 
shows schematically the experimental configuration between 
the external field and the TL's magnetic components. 

posed in Refs fl6lfl7l . According to our results the mag- 
netoresistance peaks originate mainly from the suppres- 
sion of the SC interlayer's properties owing to the stray 
fields that interconnect the outer FM layers, or in other 
words owing to their out-of-plane magnetic configura- 
tion. Thus, the experiments of RefsiilMllllllllii 
should be reconsidered as being realizations of the the- 
oretical proposals presented in Refs ll6llT7l . In the dis- 
cussion that follows we temporarily neglect the new ex- 
perimental results presented in this work regarding the 
influence of the FMs' out-of-plane magnetization field 
on the properties of the SC interlayer in order to make 
a brief overview of the recent experimental works (see 
Refs llliliOIIlllil fTlfFilil ) and to ultimately suggest an 
explanation that is consistent with both the already avail- 
able data (see RefsiidTHlllllii) and the new re- 
sults that we present. For the moment we will assume 
that only the in-plane relative magnetization configura- 
tion of the outer FM layers controls the properties of the 
SC interlayer and we will adopt the point of view pro- 
posed in RefsHHllllllllilil 



1. Considering only the in-plane relative magnetization 
configuration 

While some works argued that the antiparallel [par- 
allel] in-plane magnetization configuration of the outer 



FM layers promotes [suppresses] superconductivity (see 
Refs j8ll9i rrolJlTh . others have provided evidence for ex- 
actly the opposite behavior where the antiparallel [par- 
allel] in-plane magnetization configuration of the outer 
FM layers suppresses [promotes] superconductivity (see 
Refs fL2lfl3lll4ll46l ). In order to investigate this discrep- 
ancy we performed additional experiments. Representa- 
tive results are shown in FigsfTTTa)-fTTTc). First, these 
data reveal that the exchange bias clearly promotes the 
resistive critical temperature of the TL as for instance 
may be seen in panel (a) where both V(T) curves were 
obtained for the same external field H ex — — 50 Oe. The 
data shown in panels (b) and (c) were obtained for oppo- 
site external fields H ex = — 50 Oe and H ex — 50 Oe and 
refer to BS and virgin TL, respectively. The two cases of 
the relative in-plane magnetization configurations of the 
outer FM layers are realized: in both panels (b) and (c) 
the antiparallel [solid lines] occurs for H ex — — 50 Oe and 
the parallel [dotted lines] is obtained for H ex — 50 Oe. Of 
course, the antiparallel configuration is more robust for 
the BS case as it is presented in points A and B that refer 
to the BS loop shown in FigJSJa). We see that whether 
the bottom NiFe layer is BS [panel (b)] or virgin [panel 
(c)] the antiparallel [H ex = —50 Oe] in-plane magneti- 
zation configuration of the outer FM layers places the 
resistive transition at lower temperatures compared to 
the case when the NiFe layers are parallel [H ex = 50 Oe] . 
The same results were obtained for all field values in the 
interval —100 Oe<H ex < 100 Oe, where the antiparal- 
lel and parallel in-plane magnetization configuration is 
realizable. Finally, we have to stress that the data pre- 
sented in Figs [TIT a)- [TTT c) clearly prove that the observed 
effects are an exclusive property of the superconducting 
state since in the normal state, i.e. for T>Tf c , the re- 
sistance curves clearly coincide. 

Since in the measurements presented in FigslllfaV 
Qjjc) the observed temperature shifts are very small 

but, at least, comparable to the ones presented in 

Refs !M Ml^lTl]fl^ll3l we performed some test measure- 
ments in order to ensure that these shifts are motivated 
by the physics of the studied systems and are not ar- 
tifacts. The results of FigsfTWa)- fT^f b) serve this aim. 
Panel (a) clearly shows that when the TL is virgin, at 
the symmetric points H ex = —300 Oe (dashed line) and 
300 Oe (solid line) of the magnetization loop (see the 
virgin loop in FigOJa)) the obtained V(T) curves clearly 
coincide as they should. In addition, in the same panel 
presented is the respective curve obtained at H ex = 300 
Oe (dotted line) when the TL was positively BS (PBS), 
i.e. under the application of a positive magnetic field. 
Clearly the PBS resistive curve is placed at higher tem- 
peratures compared to the virgin ones. Panel (b) shows 
test data obtained for H ex = 50 Oe and —50 Oe when 
the TL was PBS (positively BS) and NBS (negatively 
BS). The respective m(H) loops are presented in Figj6^a). 
Since the observed divergence of the two curves is below 
1 mK we may assume that the obtained V(T) curves co- 
incide as they should. 
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FIG. 11: (Colour online) Representative voltage curves as a 
function of temperature (a) at H ex = —50 Oe when the TL 
is virgin (solid line) and BS (dotted line), (b) at H ex = — 50 
Oe (solid line) and 50 Oe (dotted line) when it is BS, and (c) 
at H ex = — 50 Oe (solid line) and 50 Oe (dotted line) when it 
is virgin. 
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FIG. 12: (Colour online) (a) Magnetoresistance curves ob- 
tained at the symmetric points H ex — —300 Oe (dashed line) 
and 300 Oe (solid line) of the virgin TL's magnetization loop 
(see the virgin loop in Figl^a)) and the respective curve 
obtained at H ex = 300 Oe (dotted line) when the TL was 
positively BS. (b) Test magnetoresistance data obtained for 
H ex = 50 Oe and —50 Oe when the TL was positively (dotted 
line) and negatively (dashed line) BS (see the respective loops 
inFigUa)). 
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FIG. 13: (Colour online) Schematic representation of how the 
outer FM layers may influence the SC interlayer. In most ex- 
periments the BFM layer that is employed has a robust mag- 
netization due to pinning by exchange bias. In contrast, the 
magnetization of the PFM layer is free to rotate. In our sam- 
ples both the in-plane (solid arrows) and out-of-plane (dotted 
arrows) relative magnetization configurations of the outer FM 
layers are present and influence the transport properties of the 
SC interlayer. 



According to the point of view adopted in Refs, 
[l^ll^ll^ll3lfl3l46l where only the in-plane relative mag- 
netization configuration of the FMs was considered our 
results support the experimental outcome of Refs fl^fl3l . 
[T3I46I where it was concluded that the antiparallel [paral- 
lel] in-plane magnetization configuration of the outer FM 
layers suppresses [promotes] superconductivity. However, 
in this work we clearly show that the underlying mech- 
anism motivating the magnetoresistance peaks is surely 
related to the out-of-plane rotation of the magnetizations 
of the outer FM layers and not only to their in-plane rela- 
tive configuration. The combination of both the in-plane 
and out-of-plane relative magnetization configuration is 
schematically presented in Figfl3l Thus, it is now easy 
to explain all the available experimental data presented 
in RefsiiEHlilllli and in this work. 



2. Considering both the in-plane and out-of-plane relative 
magnetization configuration 

First, let us consider the results presented in Fig fTTT a) 
in comparison to the ones of Fig[7l In FigfTTTa) both 
curves were obtained for H ex = —50 Oe but the BS curve 
is placed significantly above the virgin one; AT = 6.5 
mK. Figure [7] reveals that at H ex — —50 Oe when the 
TL is virgin a significant part of its magnetization rotates 
out-of-plane, while when it is BS the in-plane magnetic 
order is preserved so that its transverse component is zero 
(see points B/ and B in FigfTJ respectively). Thus, the 
transverse magnetic component of the outer FMs could 
strongly influence the SC interlayer only for the virgin 
case, while for the BS one its influence (if any) should be 
minimum. 

On the other hand the data presented in FigfTTTb) re- 
fer to the case when although the TL is always BS the 
external field's polarity is opposite (H ex = 50 Oe vs —50 
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Oe). According to the results of Figj7]for these two cases 
the difference of the out-of-plane magnetic component is 
only minor (see points A and B in Fig{7j) . This is the 
reason why the initial temperature shift of AT = 6.5 
mK between the curves presented in Fig fTTT a) decreases 
down to AT = 2 mK for those presented in Fig fTlT b). 
By making the assumption that in both cases presented 
in Fig lllf b) the transverse component is almost identi- 
cal (see points A and B in FigJTJ) we may attribute the 
observed shift of AT = 2 mK exclusively to the in-plane 
relative magnetization configuration of the outer FM lay- 
ers. Under this assumption our results are compatible to 
the ones presented in RefsHHHl 

and [46| where it was 
concluded that the antiparallel [parallel] in-plane magne- 
tization configuration of the outer FM layers suppresses 
[promotes] superconductivity. However, as we demon- 
strate here small temperature shifts (AT = 2 mK) of the 
resistive curves which are motivated mainly by the rel- 
ative in-plane magnetization configuration of the outer 
FM layers are enhanced (AT = 6.5 mK) under the influ- 
ence of the out-of-plane rotation of their magnetizations. 



3. Prerequisite for intense stray-fields magnetoresistance in 
FM-SC-FM TLs 

The results that were presented until now and the dis- 
cussion made just above prove that since three param- 
eters do get involved in such hybrid TLs: (i) the out- 
of-plane magnetizations' rotation and the unavoidable 
stray-fields coupling of the outer FM layers, (ii) the in- 
plane relative magnetization configuration of the outer 
FM layers, and (iii) the direct or indirect influence of 
exchange bias, the small temperature shifts that are ob- 
served should not be ascribed exclusively to the one of 
them, namely the in-plane relative magnet ic configura- 
tion, as it was suggested in Refs|i3|31i3llllllll and 
H. 

Since we reveal the significance of the out-of-plane 
magnetic component that is related to the stray fields 
emerging at magnetic domain walls around coercivity, in 
this subsection let us first make a brief overview of the lit- 
erature related with this topic. Subsequently, we propose 
a plausible explanation that in a phenomenological level 
explains naturally all the recent experimental works. 

Parallel field configuration: First we discuss the con- 
figuration where the external field is applied parallel to 
a FM-SC hybrid as in the present work. The influence 
of stray fields that originate from a FM multila yer on 
an adjacent SC was already highlighted in Refs j20lJ2lll22l . 
Also, the influence of stray fields in FM-SC MLs was re- 
ported very recently in Rcf.38. However, for more simple 
structures as the FM-SC-FM TLs studied in the present 
article the dominant influence of stray-fields coupling of 
the outer FM layers on the SC interlayer has been proven 
very recently in Refs lijlisl for the case of FM-SC-FM 
TLs when the external magnetic field was applied par- 
allel to their surface. Detailed discussion on the possi- 



ble underlying mechanism that eventually suppresses the 
transport properties of the "magnetically pierced" SC in- 
terlayer was made above (see subsection III.C). 

Normal field configuration: On the other hand the case 
of FM-SC-FM TLs where the magnetic field was applied 
normal to their surface it was studied in RefsQja and 
H for Co-Pt/Nb/Co-Pt and Co-Pd/Nb/Co-Pd, respec- 
tively. Unfortunately, in these work a 15 i 39 complete trans- 
port data that would reveal the behavior of the TL as the 
magnetic field is scanned from positive to negative sat- 
uration of the FM layers were not presented. Thus, the 
exact transport behavior around the FM's coercive fields 
is still not clear for the normal-field configuration. More 
specifically, Singh et al. in ReffTsI contrasted their results 
with the ones presented by Gillijns et al. in Refl39l. and 
claimed that stray fields were not involved in their ex- 
periments as this was evidenced when an insulating SiC-2 
layer was introduced at each FM-SC interface so that the 
electronic coupling of the two constituents was removed. 
However, in the specific transport experiments that were 
presented in RefQja each FM layer was in its saturated 
magnetic state so that possible stray fields were only lim- 
ited at the specimen's edges. This specific magnetic real- 
ization was employed successfully long time ago in Refl65l 
as the critical current of a SC strip was controlled by the 
stray fields that were restricted at the edges of a homo- 
geneously magnetized FM layer that was adjacent to the 
SC through a thin oxide interlayer. 

We have to stress that in our work we refer not to the 
stray fields that exist only near the edges of a homoge- 
neously magnetized FM as it was discussed in Refs fl5ll65l 
but to the stray fields that emerge naturally all over the 
surface of the FM owing to the appearance of magnetic 
domains around its coercivity. This is a very important 
difference that should not be disregarded. Here, based 
on this stray-fields concept we propose a plausible expla- 
nation that should hold for both the parallel and normal 
field configurations and could efficiently capture all the 
available experimental data presented in the recent liter- 
ature (see RefsiiEOIIllIllIllIli andSlUlii). 

Intuitively, in a FM-SC-FM TL the magnetic coupling 
of the outer FM layers mediated by the stray fields that 
emerge naturally near coercivity should be maximum 
when the coercive fields of the FMs are almost equal. 64 
When this condition is fulfilled the two FM layers are sus- 
ceptible to get magnetically coupled by the stray fields 
accompanying the magnetic domains that emerge simul- 
taneously all over the surface of both FM layers around 
their common coercive field. This proposition explains 
naturally the occurrence of pronounced magnetoresis- 
tance peaks in RefsHHlHEl In all these works the 
FM layers participating a TL had almost identical coer- 
cive fields as this is evidenced by the only minor two-step 
behavior observed in the presented m(H) loops. In con- 
trast, when the coercive field of the first FM layer is sig- 
nificantly different than that of the second one the stray- 
fields magnetic coupling is not intense so that the magne- 
toresistance effect is getting weak. This is evidenced by 
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the experimental results presented in Refs, 8, 9. 10. 11. 13. 
In Ref 113| the two FM layers exhibit a few tens Oe differ- 
ent coercive fields as this is clear by the distinct two-step 
behavior in the presented m(H) loops. Furthermore, in 
Refs j 8ll9l J 1 Oil 1 ll the coercive fields of the outer FM lay- 
ers differ by several hundreds Oe. Summarizing these 
data, c ompar ed to the magnetoresistance effect reported 
in Refs ll2lll4l l44.45. where the FM layers share almost 
common coercive fields, the one reported in Reffl3l. where 
distinct coercive fields of the FMs are clearly resolved, is 
weaker. Eventually, in Refs 8.9l fTolfTlT where the coer- 
cive fields are very different, notable magnetoresistance 
peaks were not reported. Thus, it is natural to assume 
that when the coercive regimes of the two FM layers ex- 
hibit significant overlapping the observed magnetoresis- 
tance effect is pronounced, while as the coercivities get 
progressively different the magnetoresistance peaks even- 
tually disappear. We believe that the only mechanism 
that could be invoked for the consistent interpretation 
of all these experimental data that are reported in the 
recent literature 8 ! 9 ! 10 ! 1 ^ 12 ! 13 ! 14 ! 44 ! 45 ! 46 is the stray-fields 
coupling of the outer FM layers that "pierces" magneti- 
cally the SC inter layer as it was discussed in RefHa for 
plain TLs and in this work for exchange biased ones (see 
subsection III.C). 

Now, the question that waits for an answer is what 
is the exact role of the exchange bias mechanism in the 
BFM-SC-PFM TLs that are studied in our work for the 
parallel field configuration? We believe that the an- 
swer relies on the physical origin of exchange bias and 
could be given by simple phenomenological arguments. 
Since the exchange bias induces an in-plane unidirec- 
tional anisotropy it also controls the magnetic in-plane 
order of the TL's bottom BFM layer Thus, when the 
bottom layer is BS it maintains an in-plane magnetiza- 
tion for a wider field range so that it doesn't exhibit sig- 
nificant out-of-plane rotation, an ingredient that is nec- 
essary for the occurrence of broad dissipation peaks. In 
this case the dissipation peaks are restricted in a narrow 
field regime around the coercive field. In contrast, when 
the bottom BFM layer is not exchange biased it is free 
to attain a significant out-of-plane component. Thus, 
its magnetic interconnection with the other PFM layer 
may be achieved easily and the broad dissipation peaks 
evolve. Finally, as it was proposed in Refill and dis- 
cussed right above the stray-fields coupling of the outer 
FM layers should be more efficient under a specific pre- 
requisite: when the FMs share almost common coercive 
fields. Under this sense the exchange bias may be con- 
sidered as a parameter that tunes the coercive field of the 
one FM layer so that the stray-fields coupling may be con- 
trolled through the realization of this specific prereguisite. 

We stress that in even more simple FM-IN-FM and 
FM-NM-FM TLs (IN and NM stand for insulator and 
non magnetic metal, respectively) both in-plane and out- 
of-plane magnetic mechanisms are getting involved. For 
instance, for the parallel field configuration in FM-IN- 
FM and FM-NM-FM TLs magnetostatic interactions of 
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FIG. 14: (Colour online) I-V characteristics obtained at tem- 
perature T= 7.84 K and for magnetic fields (a) ¥L ex = 1000, 
(b) 100 and (c) 50 Oe. Data that were obtained for both vir- 
gin (solid circles) and BS (open circles) bottom NiFe layer are 
presented. 



the outer FM layers through stray fields that occur at 
domain walls could lead to their significant coupling. In- 
deed, S. Parkin and colleagues have shown 4 ^ that such 
stray-fields coupling occurring at domain walls plays a 
unique role in FM-IN-FM and FM-NM-FM TLs since it 
vitiates potently the distinct magnetic character of even 
quite different outer FM layers. In addition, the action 
of stray fields could also be promoted by roughness that 
probably exists at the interfaces (whether it is correlated 
or not)&£& 



E. Dynamic behavior through I-V characteristics 

In all the data presented so far we have shown that 
the exchange bias promotes the superconducting proper- 
ties of the complete hybrid when compared to the case 
where the bottom NiFe layer is virgin. Important infor- 
mation for the dynamic transport behavior of our hy- 
brids may be gained by measuring I-V characteristics. 
Representative data are shown in FigsITlfa)- ll4f c) for the 
specific temperature T= 7.84 K and for magnetic fields 
R ex = 1000, 100 and 50 Oe. We clearly see that close 
to the normal state i.e. for H ex — 1000 Oe there is no 
actual distinction between the virgin (solid circles) and 
BS (open circles) I-V curves. But as the applied field is 
lowered i.e. as we enter deeper in the superconducting 
state we clearly see that the BS I-V characteristics are 
placed much lower than the virgin ones. This result re- 
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FIG. 15: (Colour online) (a) Zero-field resistive transition of a 
BL:BFM-SC with Tf c = 8.26 K. (b) Isothermal V(H) curve 
obtained at T= 9 K>Tf c = 8.26 K. (c) Isothermal V(H) 
curves obtained at temperatures allocated across the zero- 
field isofield resistive V(T) curve presented in panel (a). All 
the data were obtained when the BL was virgin. 



veals that the current-carrying capability of the complete 
hybrid is strongly enhanced when the bottom NiFe layer 
is BS compared to when it is virgin. 



IV. EXCHANGE BIASED BLS 

A. Comparison between transport and 
magnetization data 

Until now all the data that have been presented re- 
ferred to BFM-SC-PFM TLs. We have clearly shown 
that in these structures three parameters mainly con- 
trol the magnetoresistance peaks that are observed in 
the low-field regime, close to Tf c : (i) the out-of-plane 
rotation of the outer FM layers' magnetizations, subse- 
quently motivating their magnetic interconnection, (ii) 
the in-plane relative magnetization configuration of the 
outer FM layers, and (iii) the mechanism of exchange 
bias that controls the magnetic order of the BFM bot- 
tom layer. The investigation of more simple BFM- 
SC BLs could provide important information on these 
topics when contrasted to the results obtained in the 
BFM-SC-PFM TLs since in BLs parameter (ii) is ab- 
sent and parameter (i) is weakened. In the present work 
we have made such a detailed investigation. Represen- 



tative transport data for a BFM-SC BL that exhibits 
Tf c = 8.26 K are shown in Figs|I5£a)-{T5Ijc). Panel 

(a) shows its zero-field resistive V(T) curve along which 
the detailed isothermal V(H) curves have been obtained. 
Panel (b) shows reference data obtained in the normal 
state i.e. at T= 9 K>Tf c = 8.26 K. We see that the 
obtained curve exhibits a single relatively broad peak 
placed around zero field. In this field interval the vir- 
gin NiFe layer reverses its magnetization (see FiglTB] be- 
low). Panel (c) presents the respective V(H) curves ob- 
tained at temperatures allocated across the zero-field re- 
sistive V(T) curve presented in panel (a). In qualitative 
agreement with the normal state V(H) curve shown in 
panel (b) the V(H) ones of panel (c) exhibit one single 
peak that is placed around zero field. Quantitatively, the 
situation is different since the magnetoresistance peaks 
observed in the superconducting (normal) state of the 
BLs amount to almost 5% (0.4%) according to the def- 
inition (Umax — Rmin)/Rnor X 100%. We StreSS that 

the normal state V(H) curve is presented once again in 
panel (c): in this range the minor normal state peak 
(AR/R nor x 100% = 0.4%) is not even discerned. 

Finally, we note that an oscillating-like behavior ob- 
served not only in the virgin (see the curve obtained at 
T= 8.22 K in FigH^c)) but also in the BS (see FigsfT^c) 
and I19f ch below) V(H) curves near the bottom of the 
zero-field resistive V(T) curve is not understood at the 
moment. Measurements focused on this effect are on the 
way and will be discussed in a forthcoming publication. 

Until now the V(H) data presented in Fig fToT c) re- 
ferred to the case where the BL was virgin. A direct 
comparison between data obtained when the BFM-SC 
BL is virgin (solid circles) and when BS (open circles) is 
shown in FigsfTBra)- fTBf c) . Panel (a) shows detailed mag- 
netization loops obtained at T= 9 K>Tf c , while panels 

(b) and (c) show the respective magnetoresistance data 
in the low-field and in an extended field regime, respec- 
tively. Let us first discuss the magnetization data shown 
in panel (a). A close inspection of the virgin loop re- 
veals that when the positive part of the decreasing branch 
is merged with the negative part of the increasing one a 
complete typical loop of a soft FM is formed (as presented 
by the thick solid curve). Thus, we may conclude that 
when we decrease the applied field from positive satu- 
ration it is the soft NiFe areas that firstly reverse their 
magnetization and subsequently the hard areas also re- 
verse. In the same way when we increase the applied 
field from negative saturation again the soft (hard) ar- 
eas reverse first (second). In contrast, when the NiFe 
layer is BS the two different areas get strongly exchange 
coupled so that they reverse simultaneously. In the de- 
creasing branch, the point where the abrupt switching 
of the strongly coupled soft/hard areas occurs in the BS 
curve coincides with the field value where the gradual re- 
versal of the free/uncoupled hard phase is accomplished 
in the virgin curve. In the increasing branch, the abrupt 
switching of the BS curve coincides with the point of 
the virgin curve where the magnetization reversal of the 
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FIG. 16: (Colour online) (a) Detailed magnetization loops for 
virgin (solid circles) and exchange biased (open circles) BL. 
(b) Low-field part of a representative magnetoresistance V(H) 
curve obtained at around the middle of the zero-field resistive 
transition (see Fig[l5ja)) when the BL was virgin (solid cir- 
cles) and when BS (open circles), (c) Detailed magnetoresis- 
tance V(H) curves obtained just below the critical tempera- 
ture Tf c = 8.26 K when the BL was virgin (solid circles) and 
when BS (open circles) in an extended field regime. 



free/uncoupled soft phase is completed. Thus, when the 
soft and hard areas are exchange coupled it is the hard 
phase that determines the point where the switching will 
take place for the preferential coupling direction imposed 
initially by the external applied field, while the soft phase 
determines the switching field in the opposite direction. 

Now we may discuss the V(H) curves presented in pan- 
els (b) and (c). The virgin V(H) curves present a mi- 
nor peak as already discussed above. Interestingly, this 
peak that originally is centered around zero field may 
be shifted to negative field values under the application 
of exchange bias. More importantly, we see that while 
in the normal state the virgin and BS curves coincide, 
as we enter in the superconducting state these curves 
diverge, with the BS curve placed significantly below 
the virgin one in the whole field range; a clear experi- 
mental proof that, apart from the TLs, also in the BLs 
the exchange bias promotes the superconducting proper- 
ties of the whole hybrid. A clear difference between the 
data obtained for the BLs fFigsfTr?fa)- fTf3f c)) and the TLs 
(Figs[5ja)-[5tc)) is the following: while in the BLs the BS 
curves are placed below the virgin ones in the whole field 
range, in the TLs there is a small field interval where 
the BS V(H) curves overshoot the virgin ones. Most im- 
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FIG. 17: (Colour online) Representative magnetization loops 
of the BS BL's longitudinal (open circles) and transverse 
(solid circles) components obtained (a) above Tf c and (b) 
well inside the superconducting state. 



portantly, the magnetoresistance peaks observed in the 
TLs are pronounced [{R max - Rmin)/Rnor x 100% = 
50%] when compared to the ones occurring in the BLs 
[{Rmax - Rmin) / Rnor x 100% = 5%]. We ascribe this sig- 
nificant difference to the fact that the underlying mech- 
anism motivating this effect in the TLs is the magnetic 
coupling of the outer layers through stray fields as the 
out-of-plane rotation of their magnetizations takes place 
near coercivity. On the other hand although in the BLs 
the out-of-plane rotation of the single BFM layer's mag- 
netization also takes place near coercivity the mechanism 
of stray fields' interconnection is not possible. 

However, the magnetization data presented in 
Figs fl~7T a)- fTW b) for another BL clearly demonstrate that 
even in the BLs the out-of-plane rotation of the single 
BFM layer's magnetization also occurs we believe that 
this fact deserves a little more attention. This fact is 
not surprising since the reversal of a FM layer's magne- 
tization usually evolves not only through the formation 
and movement of magnetic domains but also through the 
in-plane or, as in our case the out-of-plane rotation of 
the magnetization. A couple of interesting observations 
that can be made from the presented data are the follow- 
ing: First, in panel (a) we see that in the normal state 
the transverse component's maximum (solid circles) oc- 
curs at exactly the coercive field of the longitudinal one 
(open circles). Second, in panel (b) we see that in the 
superconducting state neither the longitudinal nor the 
transverse component exhibit the model loop expected 
for a SC. In contrast, for the TL the transverse compo- 
nent exhibited the fingerprint of a SC's model m(H) loop 
(see the detailed loops presented in Figs Ufa) -|5£b)). We 
attribute this difference to the magnetic interconnection 
of the outer FM layers that in the TLs forces the SC to 
behave diamagnetically not in respect to the externally 
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FIG. 18: (Colour online) Representative voltage curves as 
a function of temperature at (a) H ex = 200 Oe and at (b) 
H ex = Oe, when the BL was virgin (solid lines) and when 
BS (dotted lines). 



applied parallel magnetic field but in respect to the trans- 
verse magnetization field that emerges. Although in the 
BLs this exact mechanism is missing the observed magne- 
toresistance peaks that are shifted from zero field to neg- 
ative coercivity (see Fig lTBT c)) may also be attributed to 
the out-of-plane rotation of the BL's magnetization that 
occurs at exactly the same field value. 



Except for the isothermal measurements as a function 
of magnetic field the influence of exchange bias is also 
identified in the isofield measurements as function of tem- 
perature. In FigsHH^a) and fTST b) we show representative 
data for a BFM-SC BL for the cases when the BL was 
virgin (solid lines) and when BS (dotted lines). Panel (a) 
shows the results obtained for external field H ex = 200 
Oe, while panel (b) for H ex — Oe. We see that as we 
observed in the BFM-SC-PFM TLs also in the BFM-SC 
BLs the BS state promotes superconductivity when com- 
pared to the virgin one. Also, these data clearly prove 
that the observed effect is an exclusive property of the 
superconducting state since in the normal state i.e. for 
T>Tf c the different resistance curves clearly coincide. 
Thus, the enhancement of the superconducting proper- 
ties of the BL can't be attributed to a normal state prop- 
erty of the BFM layer that is preserved in the super- 
conducting state. It is a unique property that is exclu- 
sively ascribed to the synergy of superconductivity and 
exchange bias. 
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FIG. 19: (Colour online) (a) Two successive magnetization 
loops obtained at temperature T= 9 K>Tf c in a BFM-SC 
BL. Successive magnetoresistance V(H) curves obtained at 
T= 8.22 K near the bottom of its zero-field resistive V(T) 
curve (see Fig. HBf a)') in the low field (b) and in an extended 
field (c) regime. All the data were obtained during a single 
run while the BFM-SC hybrid was BS only once, prior to the 
first loop. 



B. Training effect in the superconducting state 

As it was discussed in subsection III. A where we pre- 
sented a complete magnetic characterization of the pro- 
duced samples one effect that is commonly observed in 
FM/AFM 55 and soft/hard^ exchange coupled systems is 
the so-called training effect (see FigJ3Ja))i^ According to 
this effect in an exchange coupled system the shift of the 
magnetization loop is decreased when successive loops 
are performed without refreshing the coupling of the FM 
and AFM constituents by appropriate field cooling from 
above the Neel or blocking temperature^ In Fig[3]Ja) we 
presented two successive magnetization loops for a TL's 
longitudinal component that were obtained above the su- 
perconducting critical temperature. 

In order to investigate if this effect also survives in- 
side the superconducting state we performed systematic 
transport measurements. Figures H9r a)- fT9T c) show rep- 
resentative data obtained in a BFM-SC BL. Panel (a) 
shows two successive magnetization loops obtained at 
temperature T= 9 K>Tf c , while panels (b) and (c) 
show the respective magnetoresistance V(H) curves ob- 
tained at T= 8.22 K near the bottom of its zero-field 
resistive V(T) curve (see Fig. [PoTa)). Panel (b) focuses 
in the low-field regime, while panel (c) shows an extended 
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field range. We note that these data were obtained when 
the BL was initially BS. In addition, these data have 
been obtained successively i.e. without refreshing the 
exchange coupling in the BFM NiFe layer. In panel (a) 
we see that the width (W= 95 Oe), and accordingly the 
shift, of the loop is decreasing strongly during the second 
round (W= 75 Oe). In addition, in our case we observe 
that the first decreasing branch is more square-like, while 
the subsequent one is more rounded. This fact indicates 
that the underlying mechanisms motivating the reversal 
of the BFM NiFe layer's magnetization during the first 
and the subsequent loop is different. Moreover, we see 
that the increasing branches clearly coincide in all suc- 
cessive rounds, a sign of different magnetization rever- 
sal mechanisms between the increasing and decreasing 
branches. 

Panel (b) focuses on the V(H) data in the same field 
range as in panel (a) in order to make a direct comparison 
between the longitudinal magnetic component m; ons (H) 
and the magnetoresistance V(H) data. We see that dur- 
ing the first turn (open circles) the whole hybrid is su- 
perconducting, since it exhibits zero resistance, down to 
— 150 Oe where the first reversal of the NiFe layer's mag- 
netization is completed. At this field the V(H) curve 
gets non-zero since an abrupt increase is observed for 
higher negative field values. The return V(H) branch 
also presents an interesting behavior. While for negative 
magnetic fields the BFM-SC hybrid superconducts only 
partially it is just below zero field where it presents a 
clear peak and abruptly the hybrid becomes completely 
superconducting since its resistance vanishes at the field 
where the reversal of the NiFe layer's magnetization is 
completed. Subsequently, the second decreasing V(H) 
branch (solid circles) behaves qualitatively similar to the 
first one (open circles) with the only quantitative differ- 
ence that it becomes partially superconducting at a lower 
field value when compared to the first decreasing curve 
(the abrupt increase occurs at —90 Oe and —150 Oe for 
the first and second rounds, respectively). This is the fin- 
gerprint of the training effect that according to our data 
survives in the superconducting state. 

Panel (c) shows the V(H) curves presented in panel (b) 
in an extended field range. We see that apart from a small 
interval of positive magnetic fields the second decreasing 
V(H) curve (solid circles) is placed above the first one 
(open circles). This means that in our BFM-SC BLs the 
exchange bias is an essential ingredient for maintaining 
the lower resistance that is possible since the training 
effect weakens the exchange bias and consequently the 
superconducting properties of the complete hybrid. 

Since we ascribe the magnetoresistance peaks mainly 
to the out-of-plane rotation of the magnetization the 
training effect that is observed in the V(H) curves pre- 
sented in FigsflWb)- fTW c) should also be reflected in the 
transverse magnetic component. Indeed, Figs. l20f aV 
l2"07 b) show detailed results for both the longitudinal 
and transverse components for another BL that exhibits 
slightly higher coercive and exchange bias fields. Panel 
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FIG. 20: (Colour online) Three successive magnetization 
loops for the longitudinal (a) and transverse (b) components 
obtained at temperature T= 10 K>Tf c in a second BFM- 
SC BL that exhibits both higher coercive and exchange bias 
fields. All the data were obtained during a single run while 
the BFM-SC hybrid was BS only once, prior to the first loop. 



(a) shows three successive loops for the longitudinal com- 
ponent, while panel (b) presents the respective data for 
the transverse one. Once again we stress that in these 
measurements the BL was exchange biased by cooling it 
above its blocking temperature T# = 100 K under the 
presence of a positive magnetic field only once, prior to 
the very first measurement. A number of notes may be 
drawn from these data. First, we clearly see that the 
first loop (open circles) of the longitudinal [transverse] 
component is significantly asymmetric with the decreas- 
ing branch exhibiting a sharp downfall [rise] at 150 Oe. 
Second, the first loop of the longitudinal component is 
more square-like in comparison to the two subsequent 
ones. Third, the maximum value of the transverse com- 
ponent increases progressively with the number of per- 
formed loops. Fourth, both the coercive and exchange 
bias fields decrease as the number of loops progressively 
increases. More importantly, the decrease of these two 
parameters (coercive and exchange bias fields) is abrupt 
during the first two loops, while the third subsequent loop 
has only a minor effect. For instance, the full width is 
W= 170 Oe for the first round, while it gets W= 120 Oe 
and W= 100 Oe in the second and third rounds, respec- 
tively. This behavior is very similar to the one obtained 
by Dieny and colleagues 57 in NiFe/[Pt-Co] soft/hard ex- 
change coupled BLs where it was observed that the re- 
duction of the longitudinal component loop's width is 
particularly steep during the first three rounds^ Here, 
we reveal that the same behavior also holds for the trans- 
verse magnetic component. All these facts are direct con- 
sequences of the training effect: under subsequent loops 
the initially induced exchange bias is weakened so that 
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the in-plane magnetic order can't be maintained and the 
out-of-plane magnetic component progressively increases. 
These facts are also imprinted on the magnetoresistance 
curves presented in FigsfTWM- ligf c). We clearly see that 
the morphology of the transverse component's m tr£m (H) 
curves presented in Fig fSOT b) is identical to the one of 
the magnetoresistance V(H) curves shown in Fig flW b). 
The training effect that is presented here for the BLs was 
also observed for the TLs. 

Once again, we underline that although in the BLs it is 
also the transverse magnetic component that attains sig- 
nificantly high values near coercivity the observed mag- 
netoresistance peaks are only minor when compared to 
the ones observed in the TLs. This is why we believe that 
the underlying mechanism motivating the TLs' extreme 
magnetoresistance peaks is the magnetic coupling of the 
outer FM layers through the emergence of magnetic do- 
mains and the accompanying stray fields that occur near 
coercivityi 4 ' 45 i 47 In the BLs the single BFM layer doesn't 
have this opportunity; owing to the absence of a second 
layer a complete stray-fields magnetostatic coupling can't 
be accomplished. 



V. SUMMARY AND CONCLUSIONS 

Summarizing, in this work we studied in detail the 
magnetic and transport properties of exchange biased 
TLs and BLs that constitute of low spin polarized 
Ni8oFe2o and low-T c Nb when the external magnetic field 
was applied parallel to the specimens. We observed the 
following experimental facts: 

(i) The mechanism of exchange bias may relatively 
promote superconductivity. This is revealed by a clear 
positive shift of the isothermal V(H) and isofield V(T) 
curves when the hybrids are exchange biased. In ad- 
dition, the presented I-V characteristics prove that the 
current-currying capability of the hybrids is significantly 
improved when they are exchange biased. 

(ii) The fingerprints of exchange bias, that is the uni- 
directional anisotropy that results in a shift in the mag- 
netization loops and the training effect that relates to 
weakening of the mechanism upon performing sequen- 
tial loops are clearly reflected in the magnetoresistance 
curves that are obtained in the superconducting state. 

(iii) The observed magnetoresistance peaks are ma- 
jor for the BFM-SC-PFM TLs [{R max - R mm )/R nor x 
100% = 50%], but are only minor for the BFM-SC BLs 
[{Rmax — Rmin) / Rnor x 100% = 5%]. We ascribe this im- 
portant difference to the fact that the underlying mech- 
anism motivating this effect in the TLs is the magnetic 
coupling of the outer FM layers through stray fields as the 
out-of-plane rotation of their magnetizations takes place 
near coercivity. These stray fields may exceed, primar- 
ily the SC's lower critical field, or, secondarily its upper 
one. In the first case the dissipation is motivated owing 
to flow of vortices under the driving Lorentz force that is 
exerted by the applied transport current, while in the sec- 



ond case the normal areas that are locally formed should 
contribute extra dissipation. Although in the BLs the 
out-of-plane rotation of the single BFM layer's magneti- 
zation also takes place the opportunity of intense stray- 
fields coupling is not available due to the lack of a second 
FM layer so that the magnetoresistance effect is only mi- 
nor. 

(iv) Since the exchange bias controls the in-plane mag- 
netic order it also controls the out-of-plane rotation and 
the related stray-fields magnetic coupling of the outer 
FM layers in the TLs. Thus, by means of exchange 
bias the current-carrying capability of a TL " spin valve" 
(see FigfTS]) could be tailored at will. However, we 
should stress that in such "spin valves" the underlying 
"valving mechanism" doesn't rely on the sophisticated 
spin-dependent filte ring process that was theoretically 
proposed in Refs fl6lfl7 but on more conventional pair- 
breaking mechanisms. Thus, in our case such a TL should 
be rather called " supercurrent switch" . Practical conve- 
nience is readily realizable since such devices could switch 
between the normal and superconducting states under 
the application of exchange bias on the outer FM elec- 
trodes. 

(v) Going a step farther we propose that a generic 
prerequisite for the occurrence of extended and intense 
magnetoresistance peaks in a FM-SC-FM TL is that the 
outer FM layers should have almost the same coercive 
fields. When this condition is fulfilled these layers are 
susceptible to magnetic coupling since magnetic domains 
will occur simultaneously in their whole surface. Con- 
sequently, the accompanying stray fields that naturally 
emerge above domain walls will accomplish the magnetic 
coupling. Since in our TLs the one FM layer incorpo- 
rates the mechanism of exchange bias its coercive field 
is tunable, while the respective coercivity of the other 
layer is fixed. Thus, by tuning the coercive field of the 
one FM layer we may satisfy the prerequisite of equal 
coercive fields for the occurrence of broad and intense 
magnetoresistance peaks. 

The observations discussed right above may have a di- 
rect impact on the interpretations made in recent works 
that have dealt with relevant topics. 

(i) The data presented in Figs. \M&)$Mc) andUJa)- 
I20f b) are important when recent experiments that were 
performed in exchange biased FM-SC-FM TLs are con- 
sidered (see Refs.8 9. 10 TT|l46h. Such experiments should 
follow a strict experimental protocol. For instance, con- 
sider the case when successive isothermal magnetoresis- 
tance V(H) curves are measured as function of magnetic 
field at different temperatures in a TL that was exchange 
biased only once, prior to the first measurement. Al- 
though the original indention was to get information on 
the magnetic field dependence of the TL's transport be- 
havior when this was exchange biased in every case, due 
to the training effect the only reliable information refers 
to the isothermal magnetoresistance V(H) curve that is 
obtained during the first round of the experiment. All 
the subsequent ones provide an underestimation of the 
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TL's current-currying capability since the training effect 
weakens significantly the exchange bias that was imposed 
originally prior to the very first measurement. Thus, ex- 
perimental works where the exchange bias has been em- 
ployed should be reconsidered under the light of these 
characteristics. Strict experimental protocols should al- 
ways be used when the transport behavior of such ex- 
change biased TLs and BLs is studied otherwise their 
properties may be underestimated. 

(ii) All experimental works that treat FM-SC-FM 
TLs, whether these a re pla in or exchange biased (see 
Refsii0Iil|IilIilill5||4jii) and are considered as 
exact realizations of the theoretical propositions that re- 
fer to the "spin valve" concept (see Refs fl6lfl7l ) should 
be reexamined under the light of the results presented in 
this work for exchange biased TLs and of those presented 
in Ref|45| for plain ones. Probably in all cases an out-of- 
plane rotation and subsequent stray-fields induced mag- 
netic coupling of the outer FM layers could be involved so 
that their in-plane relative magnetic configuration is not 
the dominant mechanism that motivates the observed ef- 
fects. If this is true the theoretical propositions made in 
Refs il6lfl7l still wait for experimental evidence. 

(iii) Except for results obtained in TLs also the ones 
that refer to more simple FM-SC BLs, whether they 
are plain or exchange biased (see Refs l44l4^|50i ) should 
be treated more thoroughly. As it was clearly shown 



in this work for exchange biased BLs and in ReflU for 
plain ones even in such simple structures the out-of-plane 
rotation of the FM layer's magnetization could moti- 
vate a minor magnetoresistance effect and falsify the ob- 
tained experimental results. For instance, in Ref|50 plain 
NiFe-Nb BLs were studied by transport measurements. 
The increase that was observed^ in the magnetoresis- 
tance curves prior to the clear dips that were ascribed to 
the formation of "domain wall superconductivity" 22 i 37 i 50 
could be related to a partial out-of-plane rotation of the 
NiFe layer's magnetization. 

Finally, our data show clearly that the mechanisms of 
exchange bias and superconductivity, that generally are 
considered so fundamentally different under specific cir- 
cumstances may even become cooperative. In our work 
we used only a phenomenological basis of the involved 
phenomena in order to give consistent explanations for 
our experimental results. We hope that our experimen- 
tal work not only will shed light on the contradictions 
that have been reported in the recent literature but will 
eventually trigger new experimental and theoretical work 
that will deal with the microscopic implications in these 
topics. Apart from their importance for basic physics 
our results could also assist the design of practical de- 
vices where the current-carrying capability of a FM-SC 
hybrid could be efficiently controlled by the exchange bias 
mechanism. 
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